We overviewed the pathophysiological features of diabetes and its complications in obese type 2 diabetic rat models: Otsuka Long-Evans Tokushima fatty (OLETF) rat, Wistar fatty rat, Zucker diabetic fatty (ZDF) rat and Spontaneously diabetic Torii (SDT) fatty rat. Pancreatic changes with progression of diabetes were classified into early changes, such as islet hypertrophy and degranulation of β cells, and degenerative changes, such as islet atrophy and fibrosis of islet with infiltration of inflammatory cells. Renal lesions in tubuli and glomeruli were observed, and nodular lesions in glomeruli were notable changes in OLETF and SDT fatty rats. Among retinal changes, folding and thickening were interesting findings in SDT fatty rats. A decrease of motor nerve conduction velocity with progression of diabetes was presented in obese diabetic rats. Other diabetic complications, osteoporosis and sexual dysfunction, were also observed. Observation of bone metabolic abnormalities, including decrease of osteogenesis and bone mineral density, and sexual dysfunction, including hypotestosteronemia and erectile dysfunction, in obese type 2 diabetic rats have been reported.
Introduction
the growing population of patients with type 2 diabetes has resulted in a rapid increase in the number of patients who have diabetic complications [22, 73] . in addition to the adverse effects on the quality of life of such patients, the growing number of patients with complications such as nephropathy, retinopathy, and neuropathy contributes importantly to rising medical costs [5, 12] . despite much effort to develop means to prevent or arrest the incidence and the progression of the disease, the effects and results remain poor.
Various animal models of type 2 diabetes have been established to improve understanding of the pathophysiology in diabetes and its complications [5] . Most of these models have abnormalities of single or multiple genes related to obesity, glucose intolerance, and/or insulin resistance leading to high blood glucose levels [36] . the development and progression of diabetic complications are affected by various factors, including obesity, insulin resistance, hyperglycemia, and hyperlipidemia [5] .
in this review, we examined the pathophysiology of diabetic complications in obese type 2 diabetic rats, including Otsuka Long-evans tokushima fatty (OLetF) rats, Wistar fatty rats, and Zucker diabetic fatty (ZdF) rats, and attempted to elucidate the characteristics of the complications in spontaneously diabetic torii (sdt) fatty rats, a novel obese type 2 diabetic rat, by comparing with the other diabetic models. the sdt fatty rat was established by introducing the fa allele of the Zucker fatty rat into the sdt normal rat genome [49] . the sdt fatty rat shows overt obesity, and hyperglycemia, hypertriglyceridemia and hypercholesterolemia are observed at a young age as compared with the lean rat. Furthermore, with early incidence of diabetes mellitus, diabetes-associated complications in the sdt fatty rat are seen at younger age than those in lean rat [31, 52, 57] .
Pancreatic Lesions
Pancreatic lesions do not belong to the category of diabetic complications, but an understanding of the pancreatic changes is very important for elucidating the development of diabetes mellitus. hyperglycemia is attributed to two major defects, namely, insulin resistance and depletion of insulin secretion from pancreas [68, 80] . The pancreatic β cells are key regulators of glucose homeostasis, and type 2 diabetes evolves due to an inability of the islets to adapt the β cell mass to the increased insulin demand [3, 34, 66] . Pancreatic lesions in diabetic animal models are largely related to the incidence or the development of diabetes mellitus. it is reported that pathological changes in islets, such as hypertrophy, atrophy, and fibrosis, are observed in obese type 2 diabetic rats. In human, the relative β-cell volume with both impaired fasting glucose and type 2 diabetes is decreased and the islet amyloid is increased [4] . it is important to note the changes in β-cell mass with progress of diabetes in animal models and human.
in male OLetF rats, an impaired glucose tolerance was observed from 8 weeks of age, and the plasma glucose level became higher from 18 weeks of age [17, 36] . the histological changes of pancreatic islets can be classified into three stages: 1) an early stage (from 6 to 20 weeks of age), 2) a hyperplastic stage (20 to 40 weeks of age), and 3) a final stage (after 40 weeks of age) [32, 36] . in the early stage, mild to moderate lymphocyte infiltration in or around pancreatic islets was observed, and degenerative changes and necrosis of islets also became apparent after 12 weeks of age. after 20 weeks of age, fibrosis of the islets was observed, and the islets were divided or completely replaced by fibrotic fibers. after 40 weeks of age, the pancreatic islets were replaced by connective tissues.
in male Wistar fatty rats, glucose intolerance accompanied by exaggerated insulin secretion and an increase of basal plasma glucose level were observed at 8 weeks of age. histological observations were performed at 14 weeks of age [26] . Wistar fatty rats at 14 weeks of age showed high levels of plasma glucose and insulin, and insulin, and hypertrophied islets appeared to increase in the pancreas. also, aldehyde fuchsin staining revealed degranulation of β cells. The pancreas of Wistar fatty rats was considered to be in the active state of insulin secretion and synthesis.
ZdF rats developed progressive insulin resistance and glucose intolerance between 3 and 8 weeks of age and become overtly diabetic between 8 and 10 weeks of age. islet morphology differed between the ZdF rats and the lean control rats at 7 weeks of age (prediabetic), and these differences were more pronounced at 12 weeks of age (diabetic). the islets of ZdF rats were larger and had irregular boundaries (Fig. 1) [24, 77, 84] . there was a good correspondence between the increase in islet dna content and serum insulin levels, suggesting that islet hyperplasia plays a role in the development of hyperinsulinemia in ZdF rats [84] .
SDT fatty rats of both sexes showed a significant hyperphagia and obesity after weaning. serum glucose levels in sdt fatty rats of both sexes were elevated from 6 weeks, and lipid parameters such as serum triglyceride and total cholesterol levels in the rats were elevated from 4 weeks of age. the hyperglycemia, hypertriglyceridemia and hypercholesterolemia were sustained for a long time afterwards [31, 52] . the male sdt fatty rats showed hyperinsulinemia from 4 to 8 weeks of age, but after 16 weeks their insulin levels decreased to levels similar to those in sdt rats. in the female rats, hyperinsulinemia was shown from 4 to 12 weeks of age, and the insulin levels decreased gradually. in a glucose tolerance test conducted at 9 weeks of age, sdt fatty rats showed higher serum glucose levels after glucose loading, without any response of plasma insulin [30] . those impaired glucose tolerance and insulin secretion were deteriorated with aging. in pancreatic islets of female sdt fatty rats, pathological findings such as vacuolation, hypertrophy, and hemorrhage were observed from 8 weeks of age, and findings such as atrophy and fibrosis in the islets were observed from 24 weeks of age (Fig.  2) [31] . The hemorrhage in islets was specific in SDT fatty rats, and the change was also observed in sdt rats, a non-obese type 2 diabetic model [50] . in pancreas of obese type 2 diabetic models, early changes such as islet hypertrophy and degranulation of β cells are caused by development of hyperinsulinemia. sustained hyperglycemia or development of diabetes induced degenerative changes, such as islet atrophy and fibrosis of islet with infiltration of inflammatory cells, and, finally, the islets were divided and replaced by connective tissues.
Renal Lesions
the increase in number of patients with obesity-associated type 2 diabetes has resulted in a rapid increase in patients who have end stage renal disease (esrd) and require dialytic life support [22, 73] . despite efforts to develop means to prevent or arrest the progression of the disease, the long-term prognosis of patients with established nephropathy remains poor [67] . in this context, better understanding of the pathophysiology of renal lesions in diabetic models will be beneficial in the as hypertrophy and irregular boundaries in pancreatic islets of male ZdF rat at 9 weeks of age. Bar=200 µm. design and development of therapies. it is reported that pathological changes in renal tubule, glomerulus, and tubulointerstitium are observed in obese type 2 diabetic models. urinary protein and albumin levels in male OLetF rats were higher than those in lean rats at 10 weeks of age, and the proteinuria and the albuminuria rose progressively with aging, from 20 to 30 weeks of age [37] . Moreover, the glomerular filtration rate (GFR) was increased compared to that in lean rats at 30 weeks of age.
in histological analysis, pathological changes such as diffuse glomerulosclerosis and nodular lesion were observed in male OLetF rats [35, 37, 64, 73] . in OLetF rats at 15 weeks of age, there were no obvious alternations in glomeruli, and mesangial cell proliferation was observed at 25 weeks of age. after 40 weeks of age, mesangial expansion accompanied by accumulation of extracellular matrix and thickening of glomerular capillary walls was observed. these changes were suggestive of those of diffuse glomerulosclerosis. after 65 weeks of age, fully developed diabetic glomerulopathy accompanied by nodular sclerosis was observed. the nodular lesions expanded to the proliferated mesangial matrix. Some tubules were dilated with flat epithelium, and mononuclear cell filtration and fibrosis were observed around atrophic tubuli. Moreover, renal hypertrophy was seen at 55 weeks of age [36] .
urinary albumin excretion (uae) in male ZdF rats was slightly higher than that in lean rats at 6 weeks of age. thereafter, albuminuria in ZdF rats rose progressively with aging [88] . gFr was elevated until 12 weeks of age, but fell to the level seen in lean rats by 28 weeks of age. Proteinuria started to rise during the period of increased gFr, and increased further after gFr had fallen to the lean level [25] . renal hypertrophy was slightly observed at 12 weeks of age, and the renal hypertrophy was more prominent by 16 weeks of age [88] . in histological analysis, pathological changes such as glomerulosclerosis and tubulointerstitial scarring/inflammation were observed in male ZdF rats. ZdF rats at 8 weeks of age showed neither glomerulosclerosis nor evidence of tubulointerstitial lesions. compared with lean rats at 8 weeks of age, glomeruli in ZdF rats seemed slightly hypertrophied, with further increment at 22 weeks of age along with mesangial expansion [7] . Furthermore, tubulointerstitial scarring and inflammation were observed in ZdF rats at 22 weeks of age.
in Wistar fatty rats, renal disease was marked by onset of albuminuria and decreased gFr at 20 weeks of age. Progressive increases in albuminuria occurred through 7 months of age. Kidney enlargement and glomerular hypertrophy were observed at 20 and 42 weeks of age [87] . histological changes, such as a deposition of Paspositive granules in the epithelial cells, a diffuse thickening of the mesangial area and renal tubular lesions, were observed. icaM-1 expression on the glomeruli is associated with the development of nephropathy: it is weak at 5 weeks, becomes markedly strong at 15 weeks, and progresses further at 29 weeks of age [51] . in sdt fatty rats of both sexes, a remarkable rise in renal parameters such as urine volume and urine protein was shown after 4 weeks of age [52] . With early incidence of diabetes mellitus, diabetes-associated complications in sdt fatty rats were seen at younger ages than those in the sdt rats. in male sdt fatty rats, histopathological examination of the kidneys revealed changes in the glomeruli from 16 weeks, and in the renal tubules from 8 weeks of age [52] . in the glomeruli, glomerulosclerosis was observed from 16 weeks of age, and the sclerosis progressed with aging. nodular lesions were observed at 40 weeks of age. in the renal tubules, glycogen deposition in the tubular epithelium (armanniebstein lesions) and tubular dilation were noted from 8 weeks of age, and the change progressed from 8 to 16 weeks of age. in female sdt fatty rats, a qualitatively equal change was observed in histopathological findings of kidneys [31] . the female rats revealed changes in the glomeruli from 32 weeks of age, and in the renal tubules from 16 weeks, and the changes progressed with aging. Furthermore, we investigated histopathological characteristics of the kidneys in male and female sdt fatty rats at 60 weeks of age. diffuse glomerulosclerosis, including increased mesangial matrix and glomerular hypertrophy, was severely progressed in the sdt fatty rats. Moreover, tubular and interstitial lesions, including fibrosis and inflammatory cell filtration, were progressed in the sdt fatty rats (Fig. 3) . there were no clear sex differences in the morphological characteristics of the renal lesions.
in the obese diabetic rats, albuminuria and proteinuria were increased progressively with the sustained hyperglycemia and aging. the increase of gFr and the renal hypertrophy were observed in early stage of diabetic nephropathy. glycogen deposition in the tubular epithelium (armanni-ebstein lesions) was also observed with the hyperglycemia. glomerular pathological changes such as diffuse glomerulosclerosis and nodular lesion were observed in the obese diabetic rats. the expansion of nodular lesions to mesangial matrix is characteristic in OLetF rats and sdt fatty rats. the reason sdt fatty rats showed a significant nodular lesion might be related with an elevation of blood pressure, one of the characteristics in sdt fatty rats [28, 29] . the tubulointerstitial scaring and inflammation were observed in ZDF rats and sdt fatty rats. glomerular lesions such as diffuse glomerulosclerosis and nodular lesion, and tubulointerstitial lesions were also observed in human nephropathy [5] . however, there is no animal model that leads to ESRD, a final stage in patients with nephropathy.
Occular Lesions
there are approximately 93 million people with diabetic retinopathy, 17 million with proliferative diabetic retinopathy, 21 million with diabetic macular edema, and 28 million with vision-threatening diabetic retinopathy worldwide [94] . diabetic retinopathy is the leading cause of blindness among working-aged adults around the world [42, 71] . diabetic retinopathy is subdivided into nonproliferative retinopathy, which is characterized by intraretinal microaneurysms, hemorrhage, nerve-fiberlayer infarcts, hard exudates, and microvascular abnormalities; and proliferative retinopathy, which is characterized by neovascularization arising either from the disk or from retinal vessels [14, 15, 72] . although the major risk factors for diabetic retinopathy, such as hyperglycemia, hyperlipidemia, and hypertension, have been examined in many epidemiologic studies and clinical trials [42] , there is considerable variation in the consistency, pattern, and strength of these risk factors [94] . Moreover, cataract, which is characterized by cloudiness or opacification of the eye lens, is also a leading cause of blindness [39] . although the pathogenesis of diabetic cataract is not known, various biochemical pathways, such as the polyol pathway, the generation of advanced glycation end-product, and oxidative stress, have been implicated [45] . it is considered that experimental animal models will play a pivotal role in establishment of novel therapeutic methods to prevent progression to blindness.
retinal capillary changes in OLetF rats were examined after 56 weeks of age [48, 55] . in the retinal capillaries, basement membranes were thicker, and the ratio of pericyte area to the capillary cross-section area was lower than that of lean rats. the endothelial cell cytoplasm was degenerated. the caliber irregularity, narrowing, tortuosity, and loop formations of capillaries were also observed. Moreover, the peak latency of oscillatory potential, the earliest electroretinographic manifestation of diabetic retina, was prolonged in OLetF rats at 35 weeks of age [53, 75] . On the other hand, acellular capillaries and pericyte ghosts, characteristic morphological changes in early diabetic retinopathy in humans, were not observed in OLetF rats [53] . regarding cataract, slight lens fiber swelling was observed in the anterior and/or posterior subcapsular regions in OLetF rats at 40 weeks of age [44] .
in ZdF rats, the retinal capillaries demonstrated hypercellularity, and the retinal capillary basement membrane thickness revealed thicker membrane as compared with lean rats [11, 93] . however, other lesions typical of diabetic retinopathy in humans, such as pericyte degeneration, microaneurysms, and acellular capillaries, were not observed in ZdF rats. in ZdF rats at 20 weeks of age, the lens displayed cataract formation, and the apoptotic cell death in lens was increased as compared with lean rats [39] .
sdt fatty rats after 16 weeks of age showed a prolongation of the peak latencies of oscillatory potentials as compared with the lean rats. Histopathological findings in lens, including hyperplasia of epithelium, vacuolation of fiber, and occurrence of Morgagnian globules, were observed from 8 weeks of age in male sdt fatty rats, and these changes progressed with aging. the female rats showed similar changes from 16 weeks of age. also, retinal lesions, such as folding and thickening, were observed with aging in male and female sdt fatty rats (Fig. 4) [31, 52] .
in the retinal capillaries of the obese diabetic rats, the basement membrane thickness and the hypercellularity were observed. although typical lesions of diabetic retinopathy in humans, such as acellular capillaries and pericyte ghosts, were not observed in nearly diabetic rats, retinal changes such as folding and thickening in SDT fatty rats were interesting findings (Table 1) . However, the development of ischemia is not observed in the diabetic rats, and there are some differences in the pathological changes of diabetic retinopathy between animal models and human [5] . the obese diabetic rats showed cataract and delay of peak latency of oscillatory potential with the sustained hyperglycemia. 
Neural Lesions
diabetic neuropathy is a common and serious complication in diabetic patients. however, the exact mechanisms by which the neuropathy develops have not yet been elucidated [59] . the current therapeutic possibilities in neuropathy are divided into two groups, pathogenetically oriented therapy and symptomatic therapy [86] . Pathogenetically oriented therapy may delay, stop, or reverse the progression of the neuropathy, and thereby alleviate symptoms. Various hypotheses according the pathogenesis of diabetic neuropathy have been raised [19] , and they are classified into metabolic and vascular categories [59] . a hypothesis in which increased polyol pathway activity and the related myo-inositol depletion induces a decrease in na + /K + -atP-ase activity has received considerable attention as the leading metabolic category [58, 83, 85, 95] . Moreover, recent studies have shown a relationship between polyol pathway hyperactivity and vascular factors in the etiology of diabetic neuropathy [6, 79, 81] . Most of the studies on the pathogenesis of diabetic neuropathy have been conducted mainly with type 1 diabetic animal models, including streptozotocin (stZ)-induced diabetic rats. however, the majority of human diabetes is type 2 diabetes mellitus, and especially diabetes with obesity, incidence of which has rapidly increased [78] . therefore, it is very important to establish useful animal models of obese type 2 diabetes mellitus to investigate the pathophysiology of diabetic neuropathy.
in examination of peripheral nerve functions in male OLetF rats, cadual motor nerve conduction velocity (MncV) tended to decrease after about 40 weeks of age as compared with lean rats [60] . sucrose-fed OLetF rats prominently showed a decrease of MncV at about 40 weeks of age [59, 60] . Furthermore, a decrease of sciatic nerve blood flow and an increase of ADP-induced platelet aggregation were observed in sucrose-fed OLetF rats at about 40 weeks of age. the morphologic abnormalities in sucrose-fed OLetF rats were not obvious, but the morphometric analyses showed significant differences. the sucrose-fed OLetF rats showed smaller mean myelinated fiber size and a greater fiber density as compared with lean rats [60] .
in examination of sciatic nerve functions in male ZdF rats, MncV was decreased after 12 weeks of age, and ach-mediated vascular relaxation of epineurial arterioles of the sciatic nerve was impaired after 8 weeks of age [65, 76] . in histopathological analyses at 24-28 weeks after the onset of diabetes, ZdF rats did not show sympathetic neuroaxonal dystrophy [74] . diabetic peripheral neuropathy was evaluated at 8, 24, and 40 weeks of age in male sdt fatty rats. caudal MncV in the sdt fatty rat was delayed at 24 weeks of age and was further decreased at 40 weeks of age as compared with lean rats [92] . histopathologically, at 40 weeks of age, the fiber number was significantly decreased, and SDT fatty rats revealed significant atrophy in myelinated nerve.
Measurement of MncV is a common method as a functional assay in neuropathy. the measurement is generally performed on the caudal or sciatic nerve. since the sensitivity of measurement on sciatic nerve is higher than that on caudal nerve, nerve functional abnormalities in ZdF rats can be observed at an early age, about 12 weeks. in diabetic patients, pathological changes such as distal and sensory predominant nerve fiber degeneration, axonal loss, and endoneural microangiopathy, are observed in peripheral nervous system [90] . there are few reports in which histopathological analyses in obese diabetic rats were sufficiently performed. examinations on the pathogenesis of neuropathy have been conducted mainly with stZ diabetic rats, and in further study, it is necessary to promote histological analyses using the obese type 2 diabetic rats.
Other Diabetic Complications
Osteoporosis diabetes mellitus is a chronic metabolic disorder with substantial morbidity and mortality, and osteoporosis is a silent disease, also with harmful impact on morbidity and mortality [1, 20] . Osteoporosis leads to increase in skeletal fragility and microarchitecture deterioration of bone tissue with a decrease in bone mineral density (BMd), bone quality, and strength [9, 62] . along with an increased risk of diabetic complications, strong evidence for reduced BMd in type 1 diabetes mellitus, which might increase the risk of osteoporosis and its related diseases in later life, is reported [54, 61] . however, the relationship between type 2 diabetes mellitus and osteoporosis remains controversial. Obesity is strongly associated with higher BMd, probably through mechanical loading and hormonal factors, including insulin, estrogen, and leptin [16, 82, 89] . On the other hand, it is reported that ages in collagen may come into intact with bone to reduce bone strength, resulting in osteoporosis in patients with diabetes [91] .
in male ZdF rats at 21 weeks of age, BMd was lower at the distal femur and the lumbar spine as compared with lean rats, and evaluation of histomorphometric indexes showed lower mineralized bone volume/tissue volume, trabecular thickness, and trabecular number [23] . the osteoblast differentiation was also impaired. in male sdt fatty rats, decreases in both serum osteocalcin and urine deoxypyridinoline levels, indicators of low bone turnover, were observed from 8 to 40 weeks of age [40] . Moreover, the sdt fatty rats showed lower BMd and bone mineral content (BMc) of the whole tibia, and shortening of the tibia and femur compared to age-matched control rats [41] . deterioration in bone geometrical properties of the femur midshaft, such as cortical thickness and minimum moment of inertia, was observed in the sdt fatty rats. Furthermore, trabecular bone volume of the distal femur was lower in the sdt fatty rats. these negative effects on bone in the sdt fatty rats caused severe decreases in maximum load, stiffness, and energy absorption of the femur. Female sdt fatty rats also showed lower BMc and BMd of the whole tibia from 8 to 25 weeks of age. Bone metabolic abnormalities, including osteoblast dysfunction and a decrease of BMd or BMc, were observed in both obese diabetic rat models, ZdF rat and sdt fatty rat.
Sexual dysfunction
it was reported that subnormal free testosterone concentrations were related with inappropriately low luteinizing hormone (Lh) and follicle-stimulating hormone (Fsh) concentrations and a normal response to gonadotropin-releasing hormone (gnrh) of Lh and Fsh in type 2 diabetes [10, 13] . these abnormalities were independent of the duration and severity of hyperglycemia. type 2 diabetic men with low testosterone levels showed a high prevalence of symptoms suggestive of hypogonadism, such as fatigability and erectile dysfunction (ed) [33] . Moreover, total testosterone and free testosterone concentrations were inversely related to body mass index (BMi) and age. hypogonadism is considered to be associated with upper abdominal adiposity, insulin resistance, and metabolic syndrome [21, 46] . in OLetF rats, biochemical parameter levels, such as free testosterone, 17β-estradiol, LH, and sex hormonebinding globulin (shBg), were not changed from 4 to 64 weeks of age, as compared with lean rats [43] . testis weight was decreased in OLetF rats at 32 and 64 weeks of age, and the sperm counts at 64 weeks of age were also decreased as compared with lean rats. histologically, seminiferous tubule atrophy was observed at 64 weeks of age. a negative correlation between testis weight and fasting blood glucose level, as well as homeostasis model assessment (hOMa) index, was recognized in OLetF rats. in the other obese diabetic rats, ed was observed at 22 weeks of age in ZdF rats [18] , and hypotestostronemia was confirmed at 24 weeks of age in sdt fatty rats [38] . Moreover, it is reported that rats or mice defective in leptin or its receptor show profound infertility, in addition to obesity [8, 69] .
Polycystic ovary syndrome (PcOs) is a common condition in reproductive-aged women, associated with glucose intolerance, type 2 diabetes, and metabolic syndrome [47, 56] . insulin resistance is proposed as a key pathophysiological feature of PcOs, contributing to both reproductive and metabolic abnormalities. reproductively, insulin resistance increases hyperandrogenism through an increase of ovarian androgen production and a reduction of hepatic shBg [2, 70] . Women with PcOs are also proposed to have a more rapid conversion from impaired glucose tolerance (igt) to type 2 diabetes mellitus [63] . sdt fatty rats at 12 weeks of age showed menstrual irregularity and histopathological changes, such as atrophy in uterus and inflammation in vagina, but the pathological changes of PcOs were not observed [27] . also, in the other obese diabetic rats, there are few reports about PcOs.
Future Prospects
With increased prevalence of diabetes mellitus, the diabetic rat models have played key roles to elucidate the pathogenesis of human diabetes and its complication, such as nephropathy, retinopathy, and neuropathy. it has recently been noted that various diabetic complications, including cancer, dementia, osteoporosis, and gonadal dysfunction, are increased. although osteoporosis and gonadal dysfunction were focused on in this review, it is necessary to investigate the relationships between diabetes mellitus and the other complications such as cancer and dementia in further study. Furthermore, the diabetic rat models are essential for developing novel drugs for diabetes and its complications. the importance of the diabetic rat models will be a constant in the future, and it is indispensable to use these models with better understanding of differences in pathophysiology between animal models and human.
